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Command and Control Initiatives 
with Cooperating Unmanned Vehicles
The utility of unmanned vehicles is unquestioned, and 
current U.S. military operations at home and abroad 
indicate that their use will grow. As the roles of these 
vehicles expand and sophistication improves, coopera-
tion between classes of vehicles will also continue to 
evolve. The reason is at least threefold. First, costs for 
distributed unmanned vehicles deployed in large areas 
will be less expensive than equivalent manned opera-
tions. Second, the search capability of unmanned sys-
tems rivals that of manned systems and will continue 
to  improve. Third, distributed autonomous systems 
(DAS) will increase productivity by allowing person-
nel to place greater emphasis on achieving objectives 
rather than information discovery.
The Center for Autonomous Unmanned Vehicle Re-
search is investigating sensory-based control and au-
tonomy with teams of unmanned vehicles, under the 
direction of Anthony Healey in Mechanical and Astro-
nautical Engineering. We define a DAS as a combina-
tion of autonomous underwater vehicles, unmanned 
surface vehicles, and unmanned aerial vehicles (AUVs, 
USVs, and UAVs) and unattended ground (and un-
derwater) sensors (UGS). As part of ONR-sponsored 
research, we are focusing on two particular capabili-
ties for improving naval missions through a coopera-
tive DAS, high-bandwidth communications through 
UAVs, and coordinated sensing and control of het-
erogeneous autonomous vehicles for surveillance and 
tracking.
High Bandwidth Communications through UAVs
Shallow-water organic-mine countermea-
sures (SW-OMCM) involve identifying 
and locating minefields that could hold off 
amphibious landings. AUVs have proven 
useful in search and detection of mines and obstacles. 
In a wide-area search along an extensive coastline, 
groups of AUVs would be deployed en masse to deter-
mine viable routes ashore for amphibious landing. 
Rather than wait till vehicles return from a mission, 
it is desirable for vehicles to report back at intervals 
to update progress and download collected data. Thus 
a high-bandwidth communications link is needed 
between the AUV and command ship, for returning-
sonar, bathymetry, video, and vehicle status. As the 
operation continues, the information can be used to 
reallocate assets as necessary. UAVs can be the com-
munication bridge between AUVs and the command-
and-control ship.
The optimal position for maximizing throughput of 
the wireless communications link can be calculated 
from the intersection of the signal-to-noise ratios 
(SNRs) between the command ship and the AUVs as-
sociating into the wireless network. UAVs can use this 
information to generate an optimal loitering point. 
This point is dynamic since all vehicles are assumed 
to be in motion, and the AUVs associate into the net-
work while on the surface but leave the network once 
underwater. The goal of the project is to use avail-
able signal strength information to automate the UAV 
navigational route. This is attractive because:
It improves system performance—if one AUV fails, 
another can be re-tasked to ensure coverage.
It reduces the time necessary to conduct the search 
and increases speed of response.
It permits greater operational flexibility because 
more landing sites can be quickly searched and 
evaluated.
As part of a series of exercises culminat-
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2Camp LeJeune, NC, the center demonstrated a wire-
less high-bandwidth link between a UAV and the NPS-
built ARIES AUV. With a high-gain tracking antenna, 
a WiFi  link was established in excess of 20 km. 
In 2004, through ONR, the center was awarded a De-
fense University Research Instrumentation Program 
grant to purchase two Scan Eagles UAVs built by 
Boeing/Insitu. The UAVs are unique—small aircraft 
that can stay in the air for over twelve hours per sortie 
and do not need a runway because they launch with 
a catapult and recover via skyhook. The equipment 
was received in January 2006 and the first flights were 
conducted in May.
The Windy Islands Soliton 
Experiment
June 1- 9, 2006 marks the fifth cruise of the Windy 
Islands Soliton Experiment/Variability around the 
Northern South China Sea (WISE/VANS) program, a 
joint research project sponsored by ONR and the Na-
tional Science Council of Taiwan to study mesoscale 
currents, tides, and internal waves in the northeastern 
South China Sea, and the impact of this environmen-
tal variability on acoustic propagation. The program 
represents collaboration among many investigators and 
depends on close cooperation between the U.S., Tai-
wan, and the Philippines. Oceanographic tools to be 
used include shipboard observations, surface drifters, 
neutrally buoyant floats, microstructure profilers, and 
moored current, temperature, and conductivity sen-
sors. 
The NPS contribution, led by professors Steve Ramp, 
Ching-Sang Chiu, and Ben Reeder of Oceanography, 
is the deployment and maintenance of six current-meter 
and environmental-acoustics moorings from the Luzon 
Strait to the Chinese continental shelf near Pratis Reef. 
The phenomenon under study is solitons, very large am-
plitude, non-linear internal waves that have achieved a 
balance between nonlinearity and dispersion, allowing 
them to travel great distances with little change in form. 
The anomalous behavior of solitons has implications 
both civilian and military. Strong currents associated with 
the waves are sufficient to damage offshore oil platforms 
in the South China Sea. Prof. Chiu has also demonstrated 
the waves’ huge impact on acoustic propagation, and thus 
sonar performance, from surface and subsurface sources. 
The waves can cause extremely large buoyancy fluc-
tuations in minutes, making subsurface water space 
management difficult. 
The marine navigator would prefer to avoid soli-
tons—hence the question, “Are the waves predict-
able?” Observationalists and theoreticians hope 
that forecasts of wave arrivals on the Chinese con-
tinental slope and shelf are possible, despite many 
complex variables. 
NPS’s collaborations with scientists from Taiwan 
and the Philippines have been extremely fruitful, 
and will continue through an ONR follow-on 
program, the Nonlinear Internal Waves Initia-
tive (NLIWI), in 2007–08. Under this program, 
an even larger team will continue unraveling the 
mystery of the South China Sea solitons. (The full 
text of this article is available at www.nps.edu/research/
ResTopics/NPS Solitons.pdf.)
Mooring locations during the Windy Islands soliton experiment. 
Moorings support velocity, temperature, and salinity observations; 
moorings B1 and B2 also support acoustic sources and receivers. 
Faculty and students display NPS autonomous vehicles
3Large-Scale Optimization Project
ONR has long supported the work in large-scale optimi-
zation of Operations Research professors Gordon Brad-
ley, Gerald Brown and Kevin Wood. They have produced 
many theoretical and practical results in mathematical 
programming, bilevel optimization, and network algo-
rithms. Several current efforts are described below.
Tomahawk Strike Planner The BGM-109 Tomahawk 
cruise missile is a reliable, long-range, accurate weapon 
with sufficient payload to threaten almost any onshore 
target. The research team has developed decision-support 
tools to optimize Tomahawk strikes from single firing 
units and from battle groups of surface ships. The goal 
is to strike efficiently while retaining maximal residual 
firepower and accounting for physical constraints on how 
missiles can be launched. The prototype, featuring a full 
decision-support system, has been validated, verified, and 
issued to the fleet. The U.S. can now plan optimal, fleet-
wide, or even theater-wide strikes in seconds.
LCDR Scott Cullen, USN, has recently extended the 
system to guided-missile submarines, adding interest-
ing twists, like penalties for exposing unfired missiles to 
corrosion. Anton Rowe, Alexandra Newman, Richard 
Rosenthal and many students have also made important 
contributions.
Joint Defender (JDEF) JDEF is a bilevel optimization 
tool that plans the pre-positioning of defensive missile in-
terceptors to minimize the maximum damage the enemy 
can inflict. It can return complete plans in minutes on a 
laptop computer. JDEF can also provide insight into the 
value of secrecy and deception to either side in a conflict. 
The JDEF project includes critical analysis of three pre-
existing decision-support tools for missile defense.
Interdiction Models The research team has developed 
a number of techniques for modeling and solving inter-
diction problems, in which an attacker (usually the U.S.) 
uses limited resources to efficiently attack an enemy’s in-
frastructure, e.g. networks such as roads, pipelines, and 
communications. In a defensive variation, shortest-path 
network models represent enemy incursions and/or mili-
tary movements coupled with the most effective means of 
delaying the enemy’s advance. One example models Sin-
gaporean roads to determine the best way to delay a truck 
with a dirty weapon transiting from Malaysia in order to 
attack U.S. naval ships docked at Changi. Another defen-
sive application identifies the best detector sites for rapid 
sensing of lethal contamination in the Washington, DC 
subway system.
Disrupting the nuclear-weapons project of an adversarial 
country provides another exciting application of interdic-
tion. The team, with assistance from Bob Harney in Sys-
tems Engineering, models embargoes on key materials, 
disruption of electrical power to production facilities, and 
outright attacks: The purpose is to stall the project as long 
as possible. Interestingly, the best “tasks” to disrupt may 
not be on the “critical path,” and a solution might favor 
“de-completing” a task, rather than stymieing another.
Student red teams have completed seventy interdiction 
(“attacker-defender”) case studies, from strike planning to 
homeland-security assessment. Routine use of public data 
in these studies demonstrates that transparency between 
attacker and defender should be taken for granted. The 
goal is to train DoD analysts in these methods and build 
a library of blueprints for emerging applications.
Aircraft Routing The research team has formulated, 
as constrained shortest-path (CSP) problems, the rout-
ing problems that arise in military air-mission planning. 
The CSP model imposes a grid network on the airspace 
in which nodes and arcs represent potential waypoints 
and flight segments, respectively. It can route any type of 
manned or unmanned aircraft, and it can incorporate a 
variety of metrics such as risk of detection or interception, 
fuel consumption, and flight time.
The CSP approach has been well known, but impractical, 
because the problems generated were too large to solve 
quickly. But the team (with help from Matthew Carlyle 
and Johannes Royset) has developed a new CSP algorithm 
that is at least an order of magnitude faster than competi-
tors: CSP is now practical for aircraft routing. The team 
continues to investigate various airspace-network topolo-
gies to find the most accurate representation for a given 
application and is reworking some mathematical assump-
tions and seeking ever-more-blazing speed.
JDEF theater-ballistic-missile defense plan for scenario in which 
North Korea attacks South Korea and Japan. 
4Directed Energy Research at NPS
For decades, NPS graduates have played a big role in the 
development of directed energy for military applications. 
It is important that this work be continued and that stu-
dents be educated in technologies like the free-electron 
laser (FEL) for the electric ships of the future.
A ship has ten- to thirty seconds to respond when a guided 
missile is launched from a nearby shore or a sea-skimming 
missile tops the horizon. We can detect these missiles with 
radar signals traveling at the speed of light and we want to 
explode them with an energy beam traveling just as fast. 
To destroy the missile five miles from the ship, we need a 
laser more intense than a thousand microwave ovens con-
centrated on a spot the size of a potato. That’s one of the 
things the NPS FEL group 
has been working on in 
the last fifteen years.
The power source for this 
laser is a 100,000,000-volt 
electron beam capable of 
penetrating several feet of 
steel in a fraction of a sec-
ond. Because the electron 
beam itself is unable to go 
far in the atmosphere, it 
can’t shoot down a missile; 
but it can produce a beam 
of light to do the job. The 
electron beam’s velocity 
is 99.99% of the speed of 
light, or about 186,000
miles per second. When particles travel at such speeds, rel-
ativity causes dramatic effects: at this speed, your average 
sailor weighs fifteen tons and is thinner than a nickel.
Past research involved theoretical computer simulation of the 
FEL and practical issues of shipboard operation. Now we pro-
pose to bring an FEL to NPS for experimental research. 
Stanford University’s FEL, a small-scale prototype of the 
laser proposed for the Navy’s directed-energy weapon sys-
tem, is a state-of-the-art machine with the latest super-
conducting accelerator cavity designs. This FEL will be 
moved in 2007 and has a replacement value of $15M. We 
propose to obtain Stanford’s FEL for our Directed Energy 
and Electric Weapons Center at NPS, with an estimated 
cost of $5M for site preparation and moving. 
NPS students would use the FEL in master’s and doctoral 
work, in conjunction with professor Todd Smith, a de-
veloper of Stanford’s program who has expressed interest 
in continuing with the FEL as an NPS visiting professor. 
Our FEL-simulation capabilities would benefit greatly 
from a local FEL, and experiments on the FEL could be 
designed with NPS simulations. Together with the elec-
tromagnetic gun experimental facility, NPS would have 
two major weapon systems proposed for the Navy’s elec-
tric ships. 
An important goal of the proposal is collaboration be-
tween NPS students and scientists from national labora-
tories such as Lawrence Livermore, Los Alamos, Naval 
Research, Argonne, Brookhaven, and Jefferson. Students 
will learn firsthand what the labs offer, and scientists will 
benefit from the operational experience of officers. The 
tight schedule of NPS students allows only a day or two 
at the national labs, so 
the FEL will become a 
mechanism for drawing 
scientists to NPS for in-
teraction with students. 
One timely area in which 
joint labor is anticipated 
concerns improvised ex-
plosive devices (IEDs). 
The Stanford FEL is a 
powerful source of tera-
hertz radiation, which is 
being studied for its po-
tential for finding IEDs 
and is of particular im-
portance to our partner 
Lawrence Livermore Na-
tional Laboratory for re-
search in homeland security. 
The Center for Directed Energy and Electric Weapons 
comprises the FEL and railgun groups, operating in the 
physics department under Bill Colson, Joe Blau, Pete 
Crooker, and Robert Armstead. Four master’s students, 
LCDR Ricardo Vigil, USN, LT Tyrone Voughs, USN, 
LT David Burggraff, USN, and Major Anastasios Kam-
pouridis, Hellenic Air Force, are presently working in FEL 
simulation. In sixteen years, the FEL group has graduated 
fifty-plus masters and four Ph.D.s. 
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